L-VaI-L-Gln crystallizes in the orthorhombic space group P21212 with a= 16.419(3), b= 15.309 (3) and c= 4.708 (1) ,~. The final wR(F2o) is 0.100 for 2044 independent reflections, R(Fo) = 0.050 for 1475 reflections with I > 2.0or(/). L-Glu-L-Val crystallizes in the monoclinic space group P21 with a = 6.487 (2), b = 5.505 (2), c = 16.741 (4)/~ and fl = 97.22 (2) °. The final wR(F~) is 0.111 for 1920 independent reflections, R(Fo)=O.047 for 1576 reflections with 1>2.0o-(/). Molecular geometries are normal, except for a unique eclipsed orientation of the charged amino group of L-Glu-L-Val. Dipeptidcs with a N-terminal hydrophobic residue and C-terminal hydrophilic residue are shown to have crystal packing patterns fundamentally different from those of dipeptides with the same types of residues in reversed order. Accordingly, the structure of L-Val-L-GIu [Eggleston (1984) . Acta Cryst. C40, 1250-1252] is rather similar to L-Val-L-Gln, but different from its retroanalogue L-Glu-L-Val. Nevertheless, the pairing of hydrogen-bond donors and acceptors is the same for L-Val-L-Glu and L-Glu-L-Val, indicating very distinct hydrogen-bonding preferences. This is the first demonstration of such a coincidence among dipeptide structures. The differences between L-Val-L-Glu and L-Val-L-Gln structures stem from modifications of the molecular geometry and cell parameters due to the formation of an additional hydrogen bond from the extra donor in the L-Gln side chain.
Introduction
When molecules aggregate to form the systematic lattice of a crystal, it occurs in such a way so as to optimize hydrogen bonding, but under the condition that favourable hydrophobic interactions are also attained. For molecules with distinct hydrophobic as well 'as hydrophilic moieties, characteristic patterns are observed in which the hydrophobic groups segregate into twodimensional layers or one-dimensional columns. In the course of our work on the crystal structures of dipeptides, we became interested in molecules with one hydrophobic and one hydrophilic residue. These compounds usually form reasonably complex two-or three-dimensional hydrogen-bond networks and utilize various mechanisms of aggregating the hydrophobic entities within the crystal. The present paper presents X-ray crystallographic studies of two mixed hydrophobic/hydrophilic dipeptides together with the results of database searches for related structures. A special emphasis is placed on the importance of the sequence of the two amino acid residues in dipeptides for crystal packing and hydrogen bonding.
Nomenclature
A hydrophilic amino acid residue has been denoted Hpi, a hydrophobic residue Hpo. The designation for common amino acids, L-Xaa, has been reduced to Xaa, implying the L-fOrm.
Experimental

Preparation
Both compounds were obtained from Sigma and used as received. Crystals were grown by vapour diffusion of ethanol into 30 l, tl of an aqueous solution containing --,, 3 mg of the peptide.
Data collection and refinement
Experimental conditions and results from the refinements are given in Table 1 . Both structures were solved by the direct methods program MITHRIL (Gilmore, 1984) and refined with SHELXL (Sheldrick, 1993) .
Positional parameters for H atoms bonded to N and O were refined, other H atoms were placed geometrically. Refinement then allowed the H atoms to move along the C--H bond direction with the C--H distance being kept constant for all H atoms on the same C atom. Ui~,, values were fixed at 1.2 x Ueq of the bonded atom, except that free variables for Ui~o were refined for the amino group and two methyl groups in each molecule.
Database studies
Peptide structures were retrieved from the Cambridge Structural Database [(1995); Allen et al. (1991) ] by means of the program QUEST. The main-chain and side-chain conformations were studied using the GSTAT program.
Results and discussion
ORTEPII (Johnson, 1976) (Gilmore, 1984) SHELXL93 (Sheldrick, 1993) MITHRIL (Gilmore, 1984) SHELXL93 (Sheldrick, 1993) listed in Tables 2 and 3, molecular geometry is given in Tables 4 and 5.*
Bond lengths and angles
There are no remarkable values, but the >C10----O4 bond in the Gln side chain of Val-Gln is rather long, * Lists of atomic coordinates, anisotropic displacement parameters and structure factors have been deposited with the IUCr (Reference: HA0146). Copies may be obtained through The Managing Editor, International Union of Crystallography, 5 Abbey Square, Chester CH I 2HU, England. (Taylor, Kennard & Versichel, 1984 : Guo & Karplus, 1992 . The carboxylate group is quite symmetric in both structures.
(4)/~, since the O atom is unusual in participating in two hydrogen bonds (see below). Carbonyl double bonds are known to be sensitive to the number of H atoms accepted by the group
Conformations
The dipeptide main chains occur in usual, slightly Sshaped conformations. The main difference lies in the orientation of the C-terminal carboxylate group, reflected by the torsion angle N2--C3--C4---O2 (~T), which is 75.0(3) ° for Val-Gln and -14.6(3) ° for Glu-Val. Both molecules have Val side chains, but with different conformations; in Val-Gln XI I'l/x11,2 are trans/gauche-, while X2 l'l/X21'2 are gauche+/trans in Glu-Val. A survey of Val side chains in peptides (G6rbitz & Gundersen, 1996) showed that these are the most common and least common rotamers, respectively, with relative frequencies 6:1. The orientation of the side chain was not found to depend significantly on the position of the residue within the peptide chain. From Fig. 1 it is clear that the Gin and Glu side chains occur in favourable trans conformations at the C~--C "y bond (X2), while orientations at the C~--C ~ bond are different with X 2 trans in Val-Gln and X~I gauche+ in Glu-Val. Data for other peptides with Gin and Glu residues are presented in Table 6 . The number of observations is small, but the side-chain orientation appears to depend on the position of the residue within the peptide. Thus, the gaucheconformation, which is dominant for C-terminal residues and the only rotamer observed for central residues, is completely absent for N-terminal residues. It is not straightforward to explain these distributions, but consideration of molecular models suggests that a N-terminal gaucheconformation at X 1 may cause the side chain
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O2 (5) 0.0180 (4) 0.5356 (6) 0.0133 (5) 0.7039 (5) 0.0125 (5) 0.9591 (6) 0.0170 (5) 0.5664 (6) 0.0113 (5) 0.7707 (6) 0.0124 (5) 0.8976 (6) 0.0124 (5) I . (/352 (6) 0.0120 (5) 0.6840 (6) 0.0143 (51 0.4741 (7) 0.0233 (7) 0.7592 (7) 0.0207 (6) (16) Ueq 0.0183 (4) 0.0175 (4) 0.0173 (4) 0.0216 (4) 0.0207 (4) 0.0154 (4) 0.0143 (4) 0.0141 (5) 0.0130 (5) 0.0135 (5) 0.0136 (5) 0.0163 (5) 0.0165 (5) 0.0151 (5) 0.0167 (5) 0.0280 (7) 0.0234 (6 to interfere with the need to appropriately position three acceptor groups around the main-chain --NH3 + amino group.
Hydrogen bonds
Hydrogen-bond parameters are given in Table 7 . In both structures two of the three amino (N--)H's form head-to-tail hydrogen-bonded chains with the mainchain carboxylate group. The hydrogen-bonded sheets generated for each structure are shown in Fig. 2 . In each case the third amino (N--)H is accepted by a group in the side chain of the hydrophilic residue. In Glu-Val this occurs by forming a three-centre hydrogen bond which is part of two eight-membered rings, Fig. 3 (see also Table 7 ). The unique feature of the pattern generated is the fully eclipsed orientation taken by the amino group. Only four out of 257 amino acid and peptide structures retrieved from the CSD (Allen et al., 1991) had C~--C"--N--H torsion angles with absolute values Table 4 . Bond lengths (~4) and angles (°)for L-Val-L-Gln and L-GIu-L-Val
1.524 (4) < 15 °. In the present structure any rotation of the amino group towards a more usual staggered conformation results in too short a contact with the side (O=C)--OH group of the Glu side chain and overall less favourable hydrogen-bond geometries. The peptide carbonyl groups participate only in weaker C'~--H • • .O=C< interactions.
Crystal packing
The crystal packing and unit cell for both title compounds are shown in Fig. 4 . In addition to these two compounds there are ten other known structures of dipeptides with one hydrophobic and one hydrophilic residue. The 12 structures have been compared in Table 5 . Selected torsion angles (°)for L-Vat-L-Gin, L-Glu-L-Val and L-Val-L-Glu* Table 8 . It can be seen that the Ala side chains form hydrophobic columns in three crystals. Our primary concern will be the nine remaining structures in which the side chains of other residues form hydrophobic layers. Orientations at the C~--C ~ bond (X 1) of L-Glu and L-Gln side chains in peptides retrieved from the Cambridge Structural Database (Allen et al., 1991) Conformation N-terminal Central C-terminal  Total   gauche +  2  0  1  3  trans  2  0  4  6  gauche-0  7  8  15   Table 7 . Hydrogen-bond distances (~t) and angles (°)for L-Val-L-Gln, L-Glu-L-Val and L-Val-g-Glu* (3) Hodgson, 1983a) and Leu-Tyr (Krause, Baures & Eggleston, 1993) have been depicted in Fig. 5 . As for Val-Gln (Fig. 4) , the hydrophobic layers are composed of side chains of the hydrophobic residues, as well as the hydrophobic ethylene or benzylene part of the hydrophilic side chain. The side-chain hydrogen-bond donor/acceptor interacts with molecules in the adjacent hydrophilic layer and generates a three-dimensional hydrogen-bond pattern. (For a more detailed discussion, see G6rbitz & Etter, 1992 .) The hydrogen-bonded sheet of Val-Gln is also found for Val-Glu (Eggleston, 1984) . Jones, Falvello & Kennard (1978) ; (c) Eggleston (1984) ; (d) Eggleston & Hodgson (1983a) ; (e) Krause, Baures & Eggleston (1993) ; (f) G6rbitz (1987) ; (g) Ramakrishnan, Seshardi & Viswamitra (1984) ; (h) Krause, Baures & Eggleston (1993) ; (i) Ramakrishnan & Viswamitra (1988) ; (j) Murali & Subramanian (1987) . *All amino acids are L isomers. 1"Aggregation pattern for hydrophobic groups. +Hpo is a hydrophobic residue, Hpi is a hydrophilic residue.
Considering first the Hpo-Hpi group, one finds that
These two structures have been compared in a separate section below. The layered structures in the Hpi-Hpo group are distinct from those of the Hpo-Hpi group in that the hydrogen-bond patterns are only two-dimensional, as illustrated for Glu-Val in Fig. 4 and Tyr-Phe.H20 (Murali & Subramanian, 1987) and His-Leu (Krause, Baures & Eggleston, 1993) in Fig. 6 . The main hydrophobic layer is entirely made up of hydrophobic residue side chains. Hydrophobic entities in the hydrophilic side chains form isolated hydrophobic columns, or, in the case of the large Tyr residues, an independent additional hydrophobic layer. The hydrogen-bonded sheet for Glu-Val is essentially identical to the sheets observed in the crystal structures of Gly-Leu (Patthabi, Venkatesan & Hall, 1974) , Pro-Gly , Pro-Val (Narasimhan, Chacko & Swaminathan, 1982) , Pro-Ile (Panneerselvam, Chacko & Veena, 1989 ) and even the rather hydrophilic structure of Glu-Glu (Eggleston & Hodgson, 1982a) .
The different dimensionality of the hydrogen-bond networks in Val-Gln and Glu-Val is manifested by the typical differences in the macroscopic behaviour; while the crystals of Val-Gln are uniformly hard, the crystals of Glu-Val are easily cleaved along the hydrophobic layers.
Comparison between L-Glu-L-Val and L-Val-L-Glu
It is of interest to compare the crystal structures of the two title compounds with the structure of the dipeptide Val-Glu (Eggleston, 1984) , with the atomic numbering as indicated in Scheme I. As for Glu-Val (and Val-Gln) , 02 is the O atom which is c& to the N2 atom of the peptide bond. From the previous discussion on molecular packing, it is evident that the crystal structures of Glu-Val and its retroanalogue Val-Glu are rather different. It is then quite surprising to find from Table 7 that contain essentially the same hydrogen bonds, even down to the three-centre interaction for one of the amino H atoms. This result is in line with the work of Margaret C. Etter on the encoding and decoding of hydrogenbond patterns of organic compounds, which led to the recognition of empirical 'Hydrogen Bond Rules' (Etter, 1990) . The third rule states that: 'the best proton donor and acceptor remaining after intramolecular hydrogenbond formation form intermolecular hydrogen bonds to one another'. This rule may tentatively be extended to say that the next best donor will form a hydrogen bond to the next best acceptor, and so on. However, since further interactions have to exist within progressively tighter steric constraints, it will certainly be difficult for all donors and acceptors to associate in strict rankorder (if indeed such an order can be unambiguously assigned). In the present structures the extended rule is obeyed for the three best donors, the side-chain carboxyl --OH and two amino H atoms, which all approach the best acceptor, the main-chain carboxylate group, but not for the last amino H atom, which is instead accepted by a side-chain carbonyl group. Still, the weaker peptide . Crystal packing of (a) L-Leu-L-GIu (Eggleston & Hodgson, 1983a) and (b) L-Leu-L-Tyr (Krause, Baures & Eggleston, 1993) .
To emphasize the layered nature of the structures in Figs. 5 and 6, a grey van der Waals surface is indicated for hydrophobic H atoms in peptide side chains.
bond >N~H donor manages to approach the carboxylate group. This pattern is used in both Glu-Val and Val-Glu, indicating distinct hydrogen-bonding preferences. The database of reported dipeptide structures contains three other pairs with opposite sequences, but only one, Ala-Asp (Eggleston & Hodgson, 1983b) and Asp-Ala (G6rbitz, 1987) , with exactly the same number of hydrogen-bond donors and acceptors. In this case the hydrogen-bonding schemes are completely different, but the situation is not directly comparable to Val-Glu/Glu-Val, since the Asp-Ala dipeptide has been crystallized in an unusual protonation state with a main-chain --COOH group and side-chain ---CO0 group. The two structures in the other two dipeptide pairs have a different number of hydrogen-bond donors and acceptors due to the variable number of cocrystallized solvent water molecules and a perfect match of hydrogen-bond types is not possible. Still, hydrogen bonds are largely identical in Gly-Asp.2H20 (Eggleston & Hodgson, 1982b) and Asp-GIy.H20 (Eggleston, Valente & Hodgson, 1981) , except for a --NH3 +.. .OH--(side-chain) interaction in Asp-Gly, which is converted to a--NH3 +.. .OH2 hydrogen bond in Gly-Asp. This similarity is not seriously disturbed by the extra water molecule in Gly-Asp, which donates both its H atoms to the C-terminal carboxylate group. Leu-Tyr (Krause, Baures & Eggleston, 1993) and Tyr-Leu.H20 (Ramakrishnan & Viswamitra, 1988) , on the other hand, have completely different hydrogenbond types. It would obviously be of interest to obtain crystal structures of more retroanalogue dipeptide pairs to carry out further examinations of their hydrogenbonding preferences. Fig. 6 . Crystal packing of (a) L-His-L-Leu (Krause, Baures & Eggleston, 1993) and (b) t,-Tyr-L-Phe.H20 (Murali & Subramanian, 1987) .
Comparison between L-VaI-L-GIn and L-VaI-L-GIu
Glu to Gin involves the exchange of--OH to --NH2, i.e. a further acidic proton is added to the side chain, Scheme II. 
Gin
Accordingly, structural modifications of the Val-Glu structure (Eggleston, 1984) are required in order to position a hydrogen-bond acceptor close to the amide group of the Gin side chain in the isomorphic Val-Gin structure, as is readily discerned from axis is more moderate ( 16.7 81 / 16.419 A, for Val-GltdVal-Gln). Molecular geometry modifications include a more extended peptide chain conformation for Val-Gln than for Val-Glu, as reflected by the values for ~l and ~2 listed in Table 5 , but the most salient reorientation takes place for the C-terminal carboxylate group. The N2--C3---C4--O2 (~br) torsion angle is -30.7 ° for Val-Glu, but 74.9 ° for Val-Gln. As a result of this twisting the hydrogen-bonding scheme is changed; while both in-plane amino (N--)H's are accepted by the same carboxylate O atom in Val-Gln, the carboxylate O atoms in Val-Glu each accepts one amino (N--)H, Fig. 7 .
Conclusions
Dipeptides with one hydrophilic and one hydrophobic residue tend to form crystals with distinct hydrophobic and hydrophilic layers. Two of the three N-terminal amino (N---)H's take part in the two-dimensional headto-tall hydrogen-bond pattern in the hydrophilic layer, while the essential feature of these structures is the ability to use a functional group in the hydrophilic side chain as an acceptor for the third amino (N--)H. The packing of the dipeptides in the crystal is, however, radically dependent on the sequence of the two residues. Thus, if the hydrophilic residue is N-terminal, the hydrogenbond pattern is three-dimensional, but two-dimensional if it is C-terminal.
